Cryptococcus neoformans is a fungal pathogen that encounters various microenvironments during growth in the mammalian host, including intracellular vacuoles, blood, and cerebrospinal fluid (CSF). Because the CSF is isolated by the blood-brain barrier, we hypothesize that CSF presents unique stresses that C. neoformans must overcome to establish an infection. We assayed 1,201 mutants for survival defects in growth media, saline, and human CSF. We assessed CSF-specific mutants for (i) mutant survival in both human bronchoalveolar lavage (BAL) fluid and fetal bovine serum (FBS), (ii) survival in macrophages, and (iii) virulence using both Caenorhabditis elegans and rabbit models of cryptococcosis. Thirteen mutants exhibited significant survival defects unique to CSF. The mutations of three of these mutants were recreated in the clinical serotype A strain H99: deletions of the genes for a cation ATPase transporter (ena1⌬), a putative NEDD8 ubiquitin-like protein (rub1⌬), and a phosphatidylinositol 4-kinase (pik1⌬). Mutant survival rates in yeast media, saline, and BAL fluid were similar to those of the wild type; however, survival in FBS was reduced but not to the levels in CSF. These mutant strains also exhibited decreased intracellular survival in macrophages, various degrees of virulence in nematodes, and severe attenuation of survival in a rabbit meningitis model. We analyzed the CSF by mass spectrometry for candidate compounds responsible for the survival defect. Our findings indicate that the genes required for C. neoformans survival in CSF ex vivo are necessary for survival and infection in this unique host environment.
Cryptococcus neoformans is a basidiomycete fungal pathogen that frequently invades the central nervous system, causing meningoencephalitis in severely immunocompromised patients. Among these patients, such as those with HIV or solidorgan transplants, cryptococcosis results in one of the largest burdens of mortality and morbidity (10) . There are now over 1 million cases of cryptococcosis worldwide, with estimated deaths of 700,000 per year (38) . However, recent outbreaks of cryptococcosis by a newly identified genotype of Cryptococcus gattii (a sister species of C. neoformans) in the Pacific Northwest have emphasized that apparently immunocompetent individuals are susceptible to this disease as well (17, 18, 32, 48) .
Although the pathobiology of cryptococcosis within each body site is not fully understood, the ability of C. neoformans to survive in the cerebrospinal fluid (CSF) is critical for its production of life-threatening disease in the central nervous system. CSF performs a variety of essential functions: cushions the brain from physical impact, transports nutrients and wastes to and from cells, and circulates various signaling molecules, such as regulatory peptides (29) . Due to the relative isolation of the CSF by the blood-brain and blood-CSF barriers, recent proteomic and metabolomic analyses support the hypothesis that the CSF is a unique environment compared to other body fluids and sites, such as the alveolar spaces, intracellular vacuoles, and blood, that C. neoformans encounters in the course of an infection (55, 57, 60) .
Three well-established virulence factors essential for cryptococcal disease have been identified, namely, the production of a polysaccharide capsule, melanin, and survival at 37°C. Many genes controlling these phenotypes have also been identified (40) . The use of random insertion mutagenesis has led to the discovery of many essential virulence-associated genes, such as CNA1, VPH1, and CLC1 (14, 26, 27, 59) , and site-directed techniques have revealed the importance of urease and phospholipase genes for virulence (12, 13) . Furthermore, the recent completion of the C. neoformans var. grubii genome presents an exciting opportunity for accelerated discovery of genes encoding virulence factors through the use of targeted genetic screens. With these genomic tools, forward genetics can be a powerful strategy to better understand how C. neoformans copes with various microenvironments within the host.
We hypothesized that the CSF presents unique stresses to C. neoformans in the host and that determination of specific factors required for survival in CSF could shed light on novel disease-producing mechanisms. Using a library of signaturetagged, site-directed mutant strains, we employed a forward genetics screen to assay for mutant-cell survival defects in human CSF. A series of mutants that displayed significant deficiencies in survival when exposed to CSF were found. Extensive characterization of these mutants suggests that CSF presents a unique stress composite to this yeast, and the inability of certain C. neoformans mutants to survive CSF expo-reverse primer 7F4.R1; and for the pik1 deletion, forward primer 14A4.F1 and reverse primer 14A4.R1 (Table 1) . These knockout constructs were amplified with a PCR of 5 min at 95°C and 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 4 min, with a final step of 72°C for 5 min with 1 l of genomic CM018 mutant DNA from a standard genomic DNA preparation. The PCR product was then reduced to a 2-l volume and adsorbed onto gold microparticles for biolistic transformation as previously described (51) . Stable transformants were selected by plating cells onto YPD plates containing 100 g/ml nourseothricin. Gene deletions were verified by PCR using a primer within the NAT R cassette and a primer flanking the deletion construct for the gene of interest ( Table 1) .
The reconstituted ena1⌬::ENA1 strain (MAT␣) was made by biolistic transformation of the ena1⌬ strain with a neomycin resistance marker (NEO R ; amplified from pJAF1 [18] ) and the native ENA1 gene, amplified with 1A10.F1 and 1A10.R2 from the WT. Transformants were selected on YPD-neomycin and YPD-nourseothricin plates. Three transformants did not grow on nourseothricin-containing plates but were isolated on neomycin-containing plates, indicating that there was a homologous-recombination event at the original ena1⌬ locus. Reconstitution was confirmed by PCR, Southern hybridization, and reconstitution of the CSF survival phenotype.
Southern hybridization. All mutants were reconfirmed using Southern hybridization analysis for gene replacement. C. neoformans genomic DNA (20 g) was digested with the restriction endonucleases HindIII (for the ena1⌬ mutant), StuI (for the rub1⌬ mutant), and PstI (for the pik1⌬ mutant) and separated on a 0.7% agarose gel. The DNA was transferred to a positively charged nylon membrane (Roche Applied Science, Indianapolis, IN) by following established protocols (45) . Membranes were hybridized with ENA1, RUB1, PIK1, or pCH233 digoxigenin-labeled DNA probes overnight, as specified by the manufacturer (Roche Applied Science, Indianapolis, IN). Membranes were washed in an SDS-SSC solution at a final stringency of 0.1% SDS and 0.1% SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) before being incubated with anti-digoxigeninalkaline phosphate Fab, followed by the addition of CDP-Star for chemiluminescent detection. DNA bands of interest were visualized on film following 3 to 10 min of exposure.
Capsule and melanin production. Strains were incubated at 37°C in 5% CO 2 for 2 days in tissue culture wells with 2 ml of Dulbecco's modified Eagle's medium for induction of capsule as previously described (42) , and images were visualized at ϫ100 magnification. Melanin production was verified following induction of growth on Niger seed agar (NSA) for 2 to 5 days at 30°C to visually confirm dark colonies.
In vitro stress assays. To determine whether the CSF defect of the mutants is pH sensitive, we grew the strains to saturation and then inoculated them into YPD broth adjusted to various pHs for 5 days before plating them onto YPD agar for 2 days. To test the cell wall integrity of the mutants, strains were grown to saturation and then inoculated onto YPD agar with 1 M sorbitol for 3 days. Because ENA1 encodes a cation transporter, we tested the ena1⌬ mutant for CSF protein exclusion assays. We tested the CSF for proteins that may have roles in affecting the CSF-defective mutants as previously described (8) . Briefly, to estimate the size of the CSF lethal factor(s), CSF samples were serially fractionated using 30-, 10-, and 3-kDa-cutoff Centricon filters according to the manufacturer's instructions (Millipore, Billerica, MA). Retentates and filtrates were reconstituted to their original volumes with sterile distilled water and tested for activity against the CSF survival-defective mutants in a CSF growth assay. In addition, the wild-type and CSF survival-defective mutants were tested in the CSF growth assay using boiled, clarified CSF. CSF samples were placed in a double boiling-water bath for 20 to 30 min. Any insoluble denatured protein was removed by centrifugation at 3,000 rpm. Sterile distilled water was added to reconstitute the solution to the original concentration. The clarified, boiled CSF was used in a liquid growth assay with wild-type and CSF-defective mutants. Lastly, we digested CSF proteins and peptides using 50 g/ml proteinase K for 16 h at 30°C and tested the digested samples for activity against wild-type and CSF-defective mutants in a liquid growth assay. As a control, YPD was also treated with proteinase K to see if active proteinase K had any influence on strain growth.
Oxidation of CSF. CSF was treated with a final concentration of 50 mM H 2 O 2 at room temperature for 2 min and then quenched with 25,000 units of catalase at room temperature for 10 min. To remove the enzyme from the CSF, the sample was centrifuged through a 30-kDa-cutoff Centricon filter at 3,500 rpm for 20 min at 4°C. The filtrate was then tested for activity with the CSF survival assay.
Susceptibility of C. neoformans to vancomycin. The MIC of vancomycin for C. neoformans was assessed via the Etest using a vancomycin Etest strip. Isolated colonies from a 3-day culture on YPD were mixed with PBS (pH 7.4) to obtain a 0.5 McFarland standard. The yeast suspension was then spread with a sterile cotton swab over the entire surface of a yeast nitrogen base (YNB) agar plate. After the plates were dry, the Etest strip was placed in the center of the plate. The plates were incubated at 30°C for 2 days and at 37°C for 3 days and then observed for survival inhibition.
Survival in macrophages. We assessed ena1⌬, rub1⌬, and pik1⌬ mutant strains for survival of these yeasts within macrophages. The WT and the ena1⌬, rub1⌬, and pik1⌬ mutant strains were incubated overnight at 30°C at 150 rpm as inoculum for the macrophage survival assay, as previously described (11, 42) .
Briefly, 10 5 gamma interferon-and lipopolysaccharide-activated J774A.1 macrophages were coincubated with 10 5 yeast cells of each yeast strain for 1 h at 37°C in 5% CO 2 and DMEM to allow phagocytosis. Prior to coincubation, cells of each yeast strain were opsonized with the monoclonal antibody mAb18B7 (a gift from Arturo Casadevall) (56) . Then, extracellular yeasts were washed away with PBS and the monolayers were incubated in DMEM overnight. A duplicate monolayer was stained at 1 h after the washes, and numbers of yeasts associated with macrophages were counted by microscopy for each strain as previously described (11, 16) . Macrophages for the intracellular killing assay were then lysed with 0.5% SDS, and lysates were diluted and plated on YPD to count numbers of viable yeasts present following incubation at 30°C for 2 days.
Caenorhabditis elegans virulence assay. C. neoformans strains were assayed for virulence in C. elegans as described previously (36) . Briefly, a standard C. elegans strain was maintained at 20°C on a lawn of E. coli strain OP50. Prior to the feeding, C. neoformans strains were inoculated into 2 ml of YPD for 8 h, and 75 l of the culture was spread on a 6-cm plate of brain heart infusion (BHI) agar with gentamicin (50 g/ml). These plates of yeast lawns were allowed to grow overnight at 30°C. Fifty 1-day-old hermaphrodites were transferred from the lawn of E. coli to the lawn of yeasts, incubated at 25°C, and then examined every 12 h for the first 3 days, followed by every 24 h thereafter. Animals were considered dead by a lack of reflex when touched. Data from the survival assays were plotted using Kaplan-Meier survival curves and assessed by the log rank test with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Curve comparisons with P values of Յ0.05 were considered significantly different.
In vivo virulence assay. Virulence of the C. neoformans mutant strains were evaluated in a rabbit meningitis model as previously described (43) . In brief, C. neoformans strains were grown in YPD for 18 to 36 h and diluted to 3.3 ϫ 10 8 cells/ml, with 0.3 ml inoculum introduced via intracisternal injection into cortisone-treated, male New Zealand White rabbits (n ϭ 3). The CSF for each rabbit was withdrawn via intracisternal tap at the days indicated, and fungal burdens were determined by plating serial dilutions of CSF and assessing CFU growth. All assays were performed according to Duke University's Institutional Animal Care and Use Committee guidelines and approvals.
Mass spectrometry. For each heated and nonheated biological condition, three separate CSF samples were prepared by the 3-kDa-cutoff Centricon fractionation protocol as described above. CSF fractions less than 3 kDa were acidified to pH 3.0 with neat formic acid and subjected to solid-phase extraction on a reversed-phase HLB Oasis cartridge (Waters Corporation, Milford, MA) by following the manufacturer's protocol. Analytes were eluted in 100 l of 50% isopropanol-50% acetonitrile and brought to dryness using vacuum centrifugation. Samples were resuspended in 30 l of 2% acetonitrile-0.1% trifluoroacetic acid (TFA; Thermo Scientific, Rockford, IL), and analyte quantities were normalized to 0.39 g/l with 2% acetonitrile, 0.1% TFA by following a microbicinchoninic acid (Pierce Biosciences, Rockford, IL) assay. To allow for a separate qualitative-factor-only liquid chromatography-tandem-MS (LC-MS/ MS) analysis, a pooled aliquot of all three samples from the same condition was created. All samples were stored at 4°C until LC-MS/MS analysis.
Each sample was analyzed by injecting analyte onto a 75-m by 250-mm bridged ethyl hybrid (BEH) C 18 column (Waters) and separated using a linear gradient of 5 to 40% acetonitrile with 0.1% formic acid at a flow rate of 0.3 l/min in 90 min on a nanoAcquity liquid chromatograph (Waters). Electrospray ionization was used to introduce the sample in real time to a Synapt HDMS mass spectrometer (Waters) operating in the positive-ion mode. The instrument was operated in a high-energy-/low-energy-switching (MS E ) acquisition mode for each individual sample and in a data-dependent acquisition (DDA) mode for pooled samples.
To qualitatively identify peptide analytes in the mixture, DDA data were searched against the Swiss-Prot 57.10 database with Homo sapiens taxonomy (http://ca.expasy.org/sprot/) using Mascot v2.2 (Matrix Science, Inc.). Mascot search parameters were 20 ppm for precursor ions and 0.04 Da for product ions, with no enzyme specificity and with differential mass modification corresponding to oxidation on all Met residues. Mascot search results were imported and interpreted in Scaffold 2.6 (Proteome Software, Portland, OR). Label-free quantitation of analytes across all biological samples was accomplished using the Rosetta Elucidator v3.3 software package (Rosetta Biosoftware, Seattle, WA). Feature identification and chromatographic retention time alignment was performed using the PeakTeller algorithm. Visual scripting within Elucidator was used to extract peak intensities for features above 1,000 counts and present in 50% of the biological replicates. Monoisotopic masses of features with a minimum 5-fold increase in the nonheated samples and with P values less than 0.001 were searched against the Human Metabolomics Database (http://www.hmdb .ca/) and Metlin (http://metlin.scripps.edu/), with a mass tolerance of 50 ppm. Preliminary matches were manually verified for the presence of unique isotope distributions using ICR-2LS (PNNL Laboratories; http://omics.pnl.gov) and available high-energy fragmentation data from the Metlin database. The data associated with this paper may be downloaded from ProteomeCommons.org Tranche repository using the following hash: iC/qf/tZlLpRiGb3F4GpSNhoav52i a3mWjMTbp7D5EkD3TSaSANcOmggaJDlTRLndGWi0BOmljyinEsfIqPRZz NwChIAAAAAAAADVw ϭ ϭ. The hash may be used to prove exactly what files were published as part of this study's data set, and the hash may also be used to check that the data have not changed since publication.
Statistical analysis. All statistical analyses, unless specifically noted below, were performed using JMP7 software (Cary, NC) and Student's t test with an ␣ of 0.05. Rabbit experiments were done with 3 rabbits in each group. All in vitro data were collected at least in triplicate.
RESULTS

Identification of mutants with survival defects in CSF.
We assessed the ability of C. neoformans to survive in CSF due to its neurotropic nature and presence in clinical specimens. CSF is continuously made in the lateral ventricle of the brain and circulates throughout the subarachnoid space, and it is environmentally isolated by the blood-brain and blood-CSF barriers (29) . Using a site-directed mutant library of 1,201 individual strains (35) , we found 13 mutant strains that exhibit marked survival defects compared to parental strain CM018 when exposed to CSF at 37°C for 4 days ( Fig. 1 ; Table 2 ). Survival defects were highly varied within these 13 strains, ranging from a 10-fold decrease in survival to complete death. The survival defect observed in CSF was not due to nutrient starvation or absolute high-temperature sensitivity, as these mutant strains showed normal survival in YPD medium and PBS.
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Mutants defective for survival in CSF show various degrees of virulence in Caenorhabditis elegans. To assess whether the CSF survival defects resulted in an inability to respond to the host's innate immune response, we performed the C. elegans killing assay on our 13 CSF survival-defective mutant strains (36) . Lacking an adaptive immune response and possessing tractable genetics, C. elegans has emerged as an efficient way to screen for candidate genes that mediate virulence through interactions with innate immunity (15, 36, 37) . This model allows investigators to distinguish generally "sick" strains and appreciate possible differences in mutant susceptibility to host responses. Screening through our CSF survival-defective mutants revealed various degrees of virulence in the worm ( Fig. 2; data not shown for all 13 strains): the ena1⌬ mutant exhibited wild-type (WT) virulence (P ϭ 0.1532), whereas the virulence of the rub1⌬ and pik1⌬ mutants was significantly attenuated (P Ͻ 0.0001). These results show that these mutants have some differences in response to the host but were not uniformly susceptible to any host challenge.
Phenotypes of CSF-specific-survival-defective mutants. We chose 3 mutants from the 13 candidates for further study using the following criteria: (i) the predicted functions of their proteins in one of three major functional groups (transporter, protein sorting/degradation, or signaling), (ii) their reduced rates of survival in CSF (from a 10-fold reduction to complete inviability), and (iii) their overall vigor as determined by virulence in C. elegans survival assays, demonstrating that these strains are not generally sick and can cause disease. Three mutants in the CM018 background were recreated in the clinically relevant serotype A strain H99 background: ena1⌬, rub1⌬, and pik1⌬ mutants ( Table 3 ). The original CSF-specific survival defect for each strain was reconfirmed in the wild-type H99 background strain when grown in CSF at 37°C for 4 days (Fig. 3A) . The ena1⌬ strain showed complete cell death after 36 h of incubation, and the rub1⌬ and pik1⌬ strains also exhibited prominent survival defects in ex vivo CSF (Fig. 3B) . Compared to the survival of the WT after 4 days, the ena1⌬ mutant had no viable cells (a log 10 CFU of 1 is considered sterile) (compared to the WT value, P was Ͻ0.01) (Fig. 3C) , and the rub1⌬ and pik1⌬ mutants exhibited 89.6% and 99.5% decreases of cells, respectively (P Ͻ 0.05 and P Ͻ 0.01, respectively) (Fig. 3C) . Because the WT also exhibited a significant decrease after 4 days of incubation in CSF, ratios of day 4 to day 0 CFU were determined to see if the mutants had significant differences in survival. Indeed, all three mutants showed significantly greater decreases in survival in CSF than the WT (P Ͻ 0.01) (Fig. 3D) . The day 4 CFU/day 0 CFU ratio for H99 was 0.088, while the ena1⌬, rub1⌬, and pik1⌬ mutants had ratios of 1.07EϪ9, 0.028, and 0.005, respectively. Interestingly, no survival defect was seen when these strains were grown in YPD, PBS (Fig. 3A) , or BAL fluid (Fig. 3E) . Mutant survival in fetal bovine serum (FBS) was improved in comparison with that in CSF but was not restored to WT survival levels for the ena1⌬ mutant (P Ͻ 0.01) (Fig. 3E) .
Three critical factors influencing C. neoformans pathogenesis are capsule formation, melanin production, and the ability to grow at 37°C. When all three mutant strains were incubated under capsule-inducing conditions (DMEM containing 22 mM NaHCO 3 at 37°C in 5% CO 2 ), no defects in capsule formation were observed (data not shown). When grown on NSA, the ena1⌬ and pik1⌬ mutants exhibited normal development of melanin production, but the rub1⌬ mutant remained white, suggesting impaired melanin production. It is interesting that the original pik1⌬ mutant in the CM018 background showed an increase in melanin production (data not shown). The rub1⌬ mutant also exhibited a lower basal rate of growth in YPD (a roughly 10-fold decrease) and a small-colony morphology compared to that of H99; at 37°C, these phenotypes were exaggerated. The other mutant strains exhibited normal growth rates at 37°C compared to H99.
The effect on survival in CSF is not mediated by osmotic or monovalent-cation stress. To assess what factors in the CSF cause the CSF-specific survival defects, we investigated whether these mutants showed any cell wall integrity defects during growth under osmotic stress. The mutant strains were grown at 37°C for 5 days on YPD agar plates containing 1 M sorbitol. All mutant strains showed no survival differences from the WT strain on this medium (Fig. 4A) .
Since ENA1 encodes a cation ATPase transporter and the Saccharomyces cerevisiae ena1⌬ mutant is susceptible to cation stress, we examined whether cation stress could cause the CSF survival defect for the ena1⌬ mutant. Using a cation-sensitive S. cerevisiae strain, BW31 (ena1-4⌬ nh1⌬ [6] ), as a positive FIG. 1. CSF-defective ATCC mutants in a CSF survival assay. The strains were grown to saturation in YPD at 30°C and then diluted 1:10 in CSF or YPD and incubated at 37°C for 4 days. "Neat" represents the CFU concentration in CSF, and strains were diluted serially in 10-fold increments prior to being spotted onto YPD plates. CM018 is the background strain of the targeted mutant library, H99 is the clinical correlate, and the tps2⌬ mutant (trehalose-6-phosphotase mutant), which does not survive in CSF at 37°C, serves as a positive control. (YPD spots are diluted from the saturated stock cultures.) Names of genes described in this study are listed in Table 2 control, we found that the ena1⌬ mutant does not appear to be sensitive to 1.5 M K ϩ or Na ϩ stress (Fig. 4B) . Characterization of the survival factor(s) in CSF. We next attempted to isolate the CSF survival factor on the basis of molecular weight as described previously (8) . CSF was size fractionated via centrifugation at 2,300 rpm for 20 min using Centricon filters with 30-, 10-, and 3-kDa cutoff values. Retentates and filtrates were reconstituted to an original volume with sterile water. Fractions with masses less than 3 kDa were found to retain the CSF-specific survival effect as seen in whole CSF (Fig. 4C) . Thus, the survival effector in CSF is a molecule that is less than 3 kDa in size, such as a small peptide or metabolite. If the survival-altering factor of CSF is a peptide, protease digestion or heat denaturing should abolish the growth-inhibiting effect (8) . Whole CSF was subjected to proteinase K treatment for 16 h at 37°C to digest any peptides. To control for potential effects of proteinase K on basal rates of growth, YPD was also treated with proteinase K. Proteinase K treatment did not have any effect on the viability of the mutant strains; furthermore, it did not abolish the effect of CSF on mutant survival compared to that of the WT (Fig. 4D) . Given the broad cleavage specificity of proteinase K to peptide bonds adjacent to the carboxylic groups of aliphatic and aromatic amino acids, the survival effector(s) is likely not to be a small peptide. However, after boiling whole CSF in a double water bath for 30 min, we were able to restore CSF survival in the mutant strains, suggesting that the survival compound(s) is heat labile (Fig. 4D) .
To determine if the survival effect is sensitive to oxidation, we treated CSF with 50 mM H 2 O 2 and quenched the reaction with catalase. The enzyme was removed by filtering CSF through a 30-kDa-cutoff Centricon filter, and the filtrate was tested for activity against wild-type and mutant fungi by the CSF survival assay. There was no difference between mutants in H 2 O 2 -treated CSF and control CSF, indicating that the inhibition factor(s) is not sensitive to oxidation (data not shown).
To identify candidate compounds responsible for the decreased survival effect in CSF, an MS-based quantitative comparison between the Ͻ3-kDa fraction of heated and nonheated CSF was employed. A total of 4,318 signals were quantitated across triplicate preparations of heated CSF and nonheated CSF. To focus database searching on candidate compounds most likely responsible for decreased survival, signals were required to be at least 5-fold increased in the nonheated CSF samples compared to in heated samples, with P values less than 0.001, and to have a minimum signal intensity of 1,000. A total of 13 signals meeting these criteria were submitted to two independent databases, the Human Metabolite Database and Scripp's Metlin metabolite database, and were matched based on the accurate mass of the precursor ion to within 50 ppm of the theoretical mass (Table 4 ; see also Fig. S1 in the supplemental material).
Metlin database searches revealed a putative identification for a compound at m/z 724.719 ([M ϩ 2H] 2ϩ ), which matched vancomycin at 5.0 ppm. Due to vancomycin's atypical isotope distribution from two Cl atoms within its structure (C 66 H 75 Cl 2 N 9 O 24 ), the identification was validated by comparing the experimental isotope distribution of the precursor ion with the theoretical isotope distribution of a compound with the same molecular formula (Fig. 5A) . The identification was further validated by manually verifying the presence of product ions in the available high-energy MS/MS spectrum by comparison with the experimentally acquired MS/MS spectrum (Fig.  5B) . To quantitate relative levels of vancomycin between heated and nonheated CSF samples, peak intensities for the [M ϩ 2H] 2ϩ precursor ion were calculated across all samples (Fig. 6 ). An average 5.6-fold increase in vancomycin in nonheated samples was measured (P value ϭ 0.03).
To test if vancomycin acts synergistically with our mutants to cause the CSF survival defect, we tested for its activity against the CSF survival-defective C. neoformans mutants on YNB agar plates. The MIC was assessed via the Etest by using a vancomycin Etest strip. The antibiotic did not affect the growth or survival of these mutants, suggesting that vancomycin is not the compound that reduces mutant survival in CSF.
Effect of the ENA1, RUB1, and PIK1 deletions on survival in macrophages. During the course of an infection, C. neoformans encounters many microenvironments within the host, including intracellular phagosomes within macrophages. Thus, we assessed the CSF survival-defective mutants for their ability to survive a potential cellular biological compartment in the CSF by coculture with activated macrophages. After 48 h of coincubation with activated J774A.1 macrophages, the mutant strains exhibited the following reductions in intracellular sur- vival compared to that of WT H99: for the ena1⌬ mutant, Ϫ81.8%; for the rub1⌬ mutant, Ϫ94.4%; and for the pik1⌬ mutant, Ϫ88.5% (P Ͻ 0.01) (Fig. 7) . Since extracellular yeasts were removed after the first hour of coincubation, these results measured the intracellular survival of the C. neoformans mutants. In addition to the strains' demonstration of no survival defects after the first hour of coincubation and our detection of no differences in phagocytosis among all the strains, these mutants showed significant defects in intracellular survival within macrophages after 48 h.
Effect of CSF-specific-survival-defective mutants on virulence in vivo.
We next sought to ascertain if the CSF-specific survival defects in vitro would predict a reduced survival in the dynamic CSF of the host and translate into an attenuated virulence of the mutant strains. Using the rabbit model of meningitis, we inoculated equal numbers of the WT, ena1⌬, rub1⌬, and pik1⌬ strains directly into the CSF of the subarachnoid space of New Zealand White rabbits. On specified days, CSF was withdrawn from each rabbit and colonies of C. neoformans were counted to assess the level of yeast survival. All strains that showed CSF-specific survival defects in vitro showed significantly attenuated virulence by day 7. On day 10, WT-infected rabbits had a fungal burden of log 10 5.89, compared to log 10 2.13 for the pik1⌬ mutant and log 10 1.00 (sterile CSF) for both the rub1⌬ and the ena1⌬ mutant (Fig. 8) . Reconstitution of the ena1⌬ mutant strain restored virulence, -ena4⌬ nh1⌬) is an S. cerevisiae control strain. (C) Serial fractions of the CSF reveal that the survival-inhibiting factor is smaller than 3 kDa, suggesting a small peptide or unique ion composition. (D) Mutants were grown in proteinase K-treated or heat-inactivated CSF (to denature proteins in CSF). Proteinase K appeared to have no effect on the survival of the ena1⌬ and rub1⌬ mutants in CSF; however, heated CSF ablated the growth inhibition effect for all mutant strains. with ena1⌬::ENA1 strain-infected rabbits unable to survive past day 7 of infection ( Fig. 9) . On day 7, the number of CFU for the mutant-infected rabbit was log 10 2.72 Ϯ 0.95 (mean Ϯ standard error of the mean [SEM]), compared to log 10 6.25 Ϯ 0.4 for the reconstituted strain and log 10 6.33 Ϯ 0.29 for the WT-infected rabbit. These results demonstrate that a functional Ena1 protein is essential for the survival of C. neoformans in the CSF within the subarachnoid space.
DISCUSSION
C. neoformans has a unique propensity for invading and surviving in the central nervous system, which is a highly dynamic microenvironment of neural tissue and surrounding fluid. CSF is continuously being produced and eliminated at a rate of 500 ml per day in healthy human adults, with a total volume of 135 ml at any one time. An array of transporters and channels line the basolateral and apical membranes of the choroid plexus epithelium at the lateral ventricles, facilitating the net transfer of ions, including Na ϩ , Cl Ϫ , K ϩ , and HCO 3 Ϫ , into CSF (4, 9, 24, 29) . Furthermore, the CSF not only carries polypeptides that pass through the blood-brain barrier but also harbors neuro-peptides and proteins manufactured locally as a recipient of cell-shedding products from the brain and the 7 . Ena1, Rub1, and Pik1 mediate survival in macrophages. Activated J774A.1 macrophages were coincubated with the ena1⌬, rub1⌬, and pik1⌬ mutants of C. neoformans for 60 min at 37°C in 5% CO 2 . Extracellular yeasts were then removed, and cocultures were incubated overnight under the same conditions as described above. Following coincubation, macrophages were lysed and viable C. neoformans colonies were incubated on YPD plates overnight at 30°C for 2 days for CFU quantification. Strains were assayed in triplicate (P Ͻ 0.01).
VOL. 78, 2010 C. NEOFORMANS INFECTION REQUIRES SURVIVAL IN CSF 4221
on October 16, 2017 by guest http://iai.asm.org/ surrounding epithelium (58, 60) . Because of the CSF being compartmentalized from its surrounding microenvironments, we hypothesized that the CSF presents a unique stress environment for C. neoformans survival. For instance, it has been shown in human disease that over a million yeasts per ml of CSF can be grown in an HIV-infected patient. This ability to survive and proliferate to large numbers in human CSF is not shared by other pathogenic fungi. Survival of C. neoformans mutants in human CSF. Using a forward genetics approach, we identified 13 mutants from a library of 1,200 mutants that covers approximately one-fifth of the genome with survival defects specific to CSF (Table 2; Fig.  3 ). In the original, independent screen of this library, Liu et al. identified a number of novel mutants exhibiting virulence deficiencies in a murine inhalation model of cryptococcosis (35) . Eight of our CSF survival-defective mutants also had infectivity deficiencies in that previous report: the ENA1, RUB1, SRE1, VPS25, CSN1201, HRD1, VAM6, and CPS1 mutants ( Table 2 ). In our CSF survival assay, we identified 5 additional genes previously unassociated with yeast survival in vitro or in vivo: PXA2, NSR1, SWE1, CKB1, and PIK1 (Table 2 ; Fig. 1) .
These newly identified genes encode a wide array of functions. PXA2 encodes Pxa2p, a heterodimeric subunit of an ABC transporter required for the transport of long fatty acids into the peroxisome for ␤-oxidation (52, 54); NSR1 encodes a nuclear localization-binding protein with two RNA binding domains, mediating the initial step of small nucleolar prerRNA processing and ribosome biogenesis (19, 33, 34, 53) ; Swe1p is a protein kinase that inhibits Cdc28p, delaying the G 2 /M transition until appropriate conditions are met (20, 22) ; and CKB1 encodes the ␤-regulatory subunit of casein kinase II, which plays wide roles in mediating stress responses, including DNA damage and cellular ion homeostasis, by directly upregulating ENA1 when the organism is under Na ϩ stress (1, 2, 50). Taken together, these genes describe an organism seeking to actively maintain basic growth and electrolyte homeostasis as it encounters the distinct microenvironment of CSF. As this yeast adjusts to CSF, our findings suggest that there is also tight regulation for proper protein sorting and degradation, transporter levels, and signaling (Table 2 ). In fact, using transcription profiling, we have found that C. neoformans induces the expression of a set of genes in CSF that is distinct from those induced in serum in these functional groups (25) . Therefore, C. neoformans strains causing meningitis are put under unique stresses as they survive and multiply in the CSF of the host. In addition, we could not have predicted these genes' importance to CSF survival through classical in vitro phenotypes, such as capsule or melanin production. Clearly, C. neoformans uses several functional pathways and multigenic controls to survive in CSF.
CSF as a unique, hostile microenvironment. Our analysis of the CSF showed that one feature impacting yeast survival in CSF is a small, heat-labile molecule less than 3 kDa. Recent proteomic studies have shown that CSF is a reservoir for up to 563 peptides from 91 precursor proteins, with an expanded proteome of 798 proteins (60) . In a comparison with the Human Proteome Organization (HUPO) high-confidence plasma proteome data set of 889 proteins, Zougman et al. found that 586 proteins were unique to their CSF data set (76% of the CSF proteome). These proteomic studies of CSF have found endogenous antimicrobial peptides such as chitinase-3-like protein-1 precursors ranging from 7 to 23 amino acids (58, 60) . However, our treatment with a broad-spectrum protease, proteinase K, did not alleviate the survival defect, suggesting that the factor(s) implicated with our mutants' survival defect is likely not a standard biological peptide (Fig. 4) . In addition, the factor(s) presumably does not contain disulfide bonds frequently observed in antimicrobial peptides, because oxidation treatment of CSF did not mitigate the survival activity.
We further characterized the composition of our CSF by mass spectrometry analysis of heated and unheated CSF frac- FIG. 9 . In vitro, the CSF-defective ena1⌬ mutant shows severe virulence attenuation in a rabbit model of meningitis, and its reconstituted strain recovers full virulence. The ena1⌬ mutant was reconstituted via a 2-step biolistic transformation with the original gene and a neo R cassette. Strains were then grown to saturation and inoculated into CSF for 4 days at 37°C prior to being plated on YPD medium for CFU quantification. The ena1⌬ mutant shows significant attenuation of infection in a rabbit model of meningitis. The ena1⌬::ENA1 mutant recovers the virulence phenotype. All rabbits infected with the reconstituted strain died on day 7 (n ϭ 3).
FIG. 8.
In vitro CSF-specific-survival-defective mutants exhibit an attenuation of virulence in a rabbit model of meningitis. CSF-sensitive mutants were each inoculated into the subarachnoid space of rabbits (n ϭ 3) with 3.3 ϫ 10 8 cells/ml. CSF was removed from each rabbit via spinal taps at the indicated times, and serial dilutions were plated onto YPD medium and incubated at 30°C for 2 days for CFU quantification. CFU was used as a measure of the burden of infection. Strains that exhibited growth defects in CSF in vitro also showed attenuated virulence in vivo. Note that no animals injected with H99 survived past 10 days of infection. tions less than 3 kDa. Because the survival factor(s) was heat labile and less than 3 kDa, we reasoned that retention peaks that were present in the unheated samples, but not in the heated samples, could represent possible candidates for a compound(s) responsible for the mutants' CSF survival phenotypes. This analysis revealed 13 compounds whose expression was at least 5-fold higher in the heated than in the nonheated samples (Table 4) . One candidate compound was vancomycin (3). We tested vancomycin for activity against our CSF survival-defective mutants on YNB and were not able to reproduce the survival defects, suggesting that vancomycin is not the survival factor. Although our CSF was pooled from many patients whose medical histories were unknown to us, mass spectroscopy and proteomic analyses did not detect exogenous compounds other than pipotiazine sulfoxide and vancomycin, and this thus decreased the likelihood that our human CSF samples were contaminated with other administered drugs. In fact, several random human CSF pools produced similar results. Further investigations will be necessary to uncover which compound(s) is responsible for this survival defect, but we have compiled a list containing additional potential CSF survival effectors (Table 4) .
Although the survival in CSF of our mutants was significantly decreased compared to that in BAL fluid and FBS, survival in FBS was also significantly different from that in BAL fluid for the ENA1⌬ mutant (P Ͻ 0.01) (Fig. 3E) . This finding may suggest that the survival-limiting effector(s) for the ena1⌬ mutant may originate in the CSF and may escape into the serum through the blood-CSF barrier. Outside the CSF, the survival effector is "diluted out" by the increased serum volume and the high serum/CSF protein ratio of 250 (58) . In fact, it has also previously been shown that blood has anticryptococcal components (47) , although the yeast can survive in blood.
Ena1, Rub1, and Pik1 are required for C. neoformans pathogenesis. The ena1⌬, rub1⌬, and pik1⌬ mutants display severe attenuation of virulence in a rabbit model of cryptococcal meningitis and confirm the importance of those proteins to the CSF survival phenotype. Ena1 is a P-type ATPase cation transporter. In S. cerevisiae, it controls the efflux of multiple monovalent ions, including Na ϩ , Li ϩ , and possibly K ϩ ions (21) . Furthermore, the Ena1 homolog in Schizosaccharomyces pombe, Cta3, is thought to transport Ca 2ϩ as well as K ϩ (6) . An intriguing explanation is that these ATPases developed additional ion specificities due to gene duplication and specialization as the fungi evolved to cope with different environments (6) . For example, Sceloporus occidentalis has two Ena1-like ATPases, one for Na ϩ and the other for K ϩ , at high pHs (5). In S. cerevisiae, the regulation of Ena1 has been extensively studied (44) . Cna1, Rim101, Hog1, and Snf1 are all known to positively affect Ena1 transcription. Recently, Idnurm et al. observed that C. neoformans Ena1 was essential for virulence in a murine inhalation model and that it is sensitive to alkaline pHs (28) . Since the pH of the CSF in vivo is tightly regulated at pH 7.4, the virulence attenuation and CSF survival defect of our ena1⌬ mutant was likely not due to alkaline conditions. Our preliminary transcription profiling of yeast cells taken directly from the CSF of rabbits showed that ENA1 is highly upregulated in C. neoformans at days 1 and 7 postinfection in a rabbit model of meningitis, further demonstrating the importance of Ena1 for CSF persistence (unpublished data). Finally, Liu et al. also showed that an ena1⌬ mutant was less fit than the WT in a competition assay in the lung (35) .
Nedd8/Rub1 is a ubiquitin-like protein that posttranslationally modifies, or neddylates, cullin proteins, subunits of E3 ubiquitin protein ligases. Rub1 is currently known only to bind to cullins, notably CDC53 in budding yeast. Besides the importance of the Rub1/Cdc53 complex for E3 function, the precise function of Rub1 conjugation is unclear (39) . Defects in the neddylation pathway display severe defects in cell growth and development, ranging from cell cycle arrest in S. pombe to arrest in embryonic development for C. elegans (30) . A current hypothesis for the reason for neddylation is for facilitating the attachment of ubiquitin E2 to the E3 ligase to allow for efficient proteosome targeting of proteins (31) . We showed that rub1⌬ mutants exhibit severe survival defects when grown in CSF (Fig. 2B) . Perhaps this is due to the mutant's inability to achieve optimal protein degradation as it is upregulating genes and turning over proteins in response to the potentially hostile CSF environment. Also, the rub1⌬ mutant showed a partial temperature sensitive (ts) growth defect at 37°C. Generally, ts mutants survive poorly in the rabbit, yet the rub1⌬ mutant also showed attenuated virulence in C. elegans at a permissive temperature of 25°C. Thus, RUB1 may play several subtle roles in cryptococcal disease.
PIK1 is a 1-phosphatidylinositol-4-kinase (PI4K) and functions in the inositol metabolism and phosphatidylinositol signaling pathways. The kinase catalyzes the first step in the synthesis of phosphatidylinositol phosphates (PIPs), the conversion from phosphatidylinositol (PI) to phosphatidylinositol-4-phospate (PI4P). Besides being structural components of plasma membranes, PIPs regulate a wide variety of cellular functions, including cell wall integrity, actin cytoskeleton organization, and vesicle-mediated membrane trafficking. Through cleavage by phospholipase C, PIPs are precursors to inositol phosphates (IPs), which are intracellular signaling molecules with multiple functions, such as Ca 2ϩ release (7, 49) . Because of their multifaceted nature, it is unclear which aspect is responsible for the CSF survival defect of this mutant. Recently, 1-phosphatidylinositol-3-kinase (PI3K) was found to be required for the formation of autophagic vesicles under nutrient starvation and linked to the virulence of C. neoformans (23) . Nutrient starvation, however, is not likely responsible for the severe CSF phenotype because the pik1⌬ mutant survived like the WT in minimal media such as PBS and CSF itself contains readily available carbon sources (55) . Additionally, pik1⌬ strains survived like the WT when placed under osmotic stress (Fig. 4A) ; thus, cell integrity appears to not play a crucial role in this CSF survival phenotype. Improper vesicle trafficking, however, appears to be a more likely cause of the CSF phenotype of this mutant. As C. neoformans acclimates to the hostile environment of the CSF, it is probable that rapid remodeling of the cell surface proteins and uptake of extracellular molecules through rapid endosomal transport will be necessary, and the inability of the pik1⌬ mutant to efficiently adapt may result in reduced CSF survival.
In summary, we have confirmed that CSF is a hostile microenvironment, requiring unique transcriptional and biochemical responses for C. neoformans to survive. We focused on 3 genes among the 13 CSF survival-defective mutants, ENA1, RUB1, and PIK1, whose functions were found to be necessary for survival in CSF and intracellular compartments and for full virulence. Single mutations in multiple, disparate pathways can result in CSF survival defects. Perhaps disruptions of several critical cellular processes will act synergistically with CSF to impede fungal survival. Taking our data together, we posit that in vitro CSF survival is a virulence marker for cryptococcal meningitis. The ease of in vitro screening for CSF survival will likely reveal additional genetic mechanisms responsible for adapting to this microenvironment. The compartments of the body (fluids and tissues) put unique demands on fungal pathogens, and how they are able to respond to these host environments determines how effectively they produce disease. Identification of mutants with reduced CSF survival may allow us to pick a novel target(s) for future antifungal drug development.
